Electron paramagnetic resonance (EPR) spectroscopy of site-directed spin-labeled bacteriorhodopsin mutants is used to study structural changes during the photocycle. After exchange of the native amino acids D36 and D38 in the A-B loop, El 61 in the E-F loop, and T46 in the putative proton channel by cysteines, these positions were modified by a methanethiosulfonate spin label. Time-resolved EPR spectroscopy reveals spectral changes during the photocycle for the mutants with spin labels attached to C36, C161, and C46. A comparison of the transient spectral amplitudes with simulated EPR difference spectra shows that the detected signals are due to changes in the spin label mobility and not to possible polarity changes in the vicinity of the attached spin label. The kinetic analysis of the EPR and the visible data with a global fitting procedure exhibits a structural rearrangement near position 161 in the E-F loop in the M state. The environmental changes at positions 36 and 46, however, occur during the M-to-N transition. All structural changes reverse with the recovery of the BR ground state. No structural changes are detected with a spin label attached to C38.
INTRODUCTION
The retinal protein bacteriorhodopsin (BR) acts as a lightdriven proton pump in the cell membrane of halobacteria (for reviews see, e.g., Tittor, 1991; Lanyi, 1993) . The absorption of a photon by the intrinsic chromophore all-trans retinal leads to its 13-cis isomerization, which initiates a series of proton transfer reactions inside the protein. These reactions result in a net translocation of one proton across the membrane after thermal reisomerization of the chromophore and completion of the catalytic cycle. Intermediates of the thermoreversible photochemical reaction in BR detected by optical spectroscopy were arranged in so-called photocycles. One widely accepted model of the photocycle is a linear sequence of intermediates, most of which have significant back-reactions (Varo and Lanyi, 1991; Lozier et al., 1992; Hessling et al., 1993) . The different intermediates are characterized by specific configurational states of the retinal, the protonation state of the retinal and certain amino acid side chains, and the conformation of the protein. After light-induced isomerization, the molecule passes through the short-lived intermediates J, K, and L before it reaches the M state in 50 As at room temperature. A further differentiation of the intermediates occurs in the M state and is suggested for the N state. In the M1 and M2 states, the retinal Schiff base is unprotonated and must be oriented alternatively toward the proton release pathway and toward the proton uptake pathway (e.g., Schulten and Tavan, 1978; Gerwert and Siebert, 1986; Oesterhelt et al., 1992; Lanyi, 1993) . N1 and N2 are suggested to be states of N before and after proton uptake at the cytoplasmic surface (Zimanyi et al., 1993) . The study of the intermediates has provided extensive information about the proton transfer steps (for a review see, e.g., Lanyi, 1993) . Central events are the protonation of D85 by the Schiff base (Braiman et al., 1988; Gerwert et al., 1989) , and the reprotonation of the Schiff base by D96 (Gerwert et al., 1989 (Gerwert et al., , 1990 ). However, one of the remaining questions is the nature of the protein conformational change (Kataoka et al., 1994) detected by diffraction studies (Koch et al., 1991; Nakasako et al., 1991; Subramaniam et al., 1993) . The most prominent features of the structural change observed in wild-type BR are a significant rearrangement of helix G and minor changes close to helices B, C, and F. The D96N or D96G mutants show an additional significant tilt of helix F. The rise and decay of these conformational changes could not be followed; they are already present in the M state. The most prominent amide band changes detected by Fourier transform infrared (FTIR) spectroscopy in the wild-type BR reveal the largest peptide bond movements of the bacteriorhodopsin backbone occurring during the M-to-N transition (Gerwert et al., 1990; Souvignier and Gerwert, 1992 ; Rothschild et al., 1993) . Further analysis of these structural changes is required for a better understanding of the underlying molecular events.
Site-directed spin labeling (SDSL) ) offers a complementary approach to localizing and resolving structural changes with a time resolution sufficient to follow the sequence of intermediates in the second half of the photocycle. Electron paramagnetic resonance (EPR) experiments with a spin label attached to the cysteine in the cytoplasmic C-D interhelical loop of the BR mutant VlOlC reveal spectral changes, which occur after the formation of the M state. They are reversed with the recovery of the ground state (Steinhoff et al., 1994) . However, no spectral changes were found at positions 105 in the same loop or 72 in the B-C interhelical loop at the extracellular surface of the protein. To further map the confor-mational changes and characterize their relationship to the different proton transfer steps, we report here time-resolved EPR studies with spin labels attached to positions D36C and D38C in the A-B interhelical loop, E161C in the E-F interhelical loop on the cytoplasmic surface, and T46C in the putative proton channel of BR.
MATERIALS AND METHODS Mutagenesis, expression, and spin labeling
Site-specific mutants of bacteriorhodopsin D36C, D38C, E161C, and T46C were prepared according to the method of Ferrando et al. (1993) . Mutagenesis was followed by transformation and homologous expression in Halobacterium salinarium strains HN5 (Rumpel and Oesterhelt, unpublished observations) and L33 (Wagner et al., 1981) , with the help of the shuttle plasmid pEF 191. Mutated proteins were isolated as purple membrane sheets according to the method of Oesterhelt and Stoeckenius (1974) . The mutations were confirmed from H. salinarium transformants by se-quencing the polymerase chain reaction-amplified bop genes from isolated total DNA. The spin label (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate (MTSSL); Reanal, Budapest) was covalently attached to the cysteines of the membrane-bound BR mutants to yield the spin-label side chain Rl (Fig. 1 a) . For this purpose, 10 j,l of a solution of 100 mM MTSSL in acetonitrile was added to a 0.5-ml suspension of membranes in 0.1 M phosphate buffer, 0.1 M NaCl, pH 7.4, resulting in a spin label:BR ratio of 10:1. The samples were then incubated at room temperature for 12 h. Afterward, the noncovalently bound spin label was removed by filtration of the membrane suspension through a Sephadex G150 column. The labeled cysteine/BR ratio estimated from double integration of the EPR spectra and optical spectroscopy of BR was found to be close to 1 for all samples. 3A_ FIGURE 1 (a) The spin label MTSSL selectively reacts with the cysteine group of a protein to yield the modified amino acid side chain RI. (b) Model of the bacteriorhodopsin backbone according to the data of Grigorieff et al. (1996) . Side chains of amino acids discussed in the text and the chromophore retinal are indicated. (c) Schematic display of the top view of the cytoplasmic structure of BR in the native purple membrane (Grigorieff et al., 1996) . Each monomer within a trimer is highlighted by a surrounding line, and the positions of the transmembrane helices are shown as grey ellipses. Biophysical Journal IF I at a final concentration of 200-500,uM. Spectra were taken at 293 K with a modulation amplitude of 1.5 G for the continuous wave (cw) spectra, and 3 G for time-resolved experiments. After analog-to-12-bit digital conversion, the data were processed in a personal computer. Flash irradiation of the sample at 540 nm was performed through the resonator coupling hole by means of an excimer-pumped dye laser (Lambda Physik, Gottingen, Germany). Alternatively, light from a homemade flashlight (flash energy 80 J, flash duration 40,u s) was filtered through a cutoff filter (OG 435) and focused on the sample through the resonator mesh. The time constant of the phase-sensitive detector was set at 100 ,us. Distortions of the EPR signal transients due to the discharge, which were visible during the first millisecond after the flash, were minimized by correction with transients recorded at magnetic field values outside the paramagnetic resonance.
EPR and optical measurements
EPR spectral simulation and the fitting of simulated spectra to experimental data were performed by using the EPR spectra simulation program written by Freed (1976) , which was included in a homemade nonlinear, steepest-descent-fitting algorithm.
Transient absorbance changes in the visible spectrum were recorded at 11 wavelengths between 405 nm and 665 nm (405, 415, 450, 470, 488, 515, 550, 580, 605, 635 , and 665 nm) with a homemade optical set-up. Depending on the signal-to-noise ratio, the transient signals determined in the visible and the EPR spectral changes were sampled between 50 and 2000 times. The bandwidth of the amplifier was reduced to a time constant of 10 /is. The repetition rate was set between 0.5 s-' and 0.06 s-', depending on the photocycle duration of the respective mutant. The time courses of the transient optical absorbance changes and the transient EPR spectral changes were analyzed by a homemade global fitting procedure (Maurer et al., 1987; Souvignier and Gerwert, 1992) .
RESULTS

Characterization of the spin-labeled BR mutants
A model of the BR molecule based on the data of Grigorieff et al. (1996) is shown in Fig. 1 b. Fig. 1 c displays a schematic view of the cytoplasmic top of BR in the native purple membrane. Those amino acid positions that were replaced by spin-labeled cysteines are indicated. Position D36 is located in the A-B loop, close to its center. Only two amino acids apart, D38 provides a position at the cytoplasmic end of the B helix. E 161 is located in the E-F loop, and T46 provides an amino acid position in the interior of the protein between the proton donor D 96 and the Schiff base. Opposite the position of E161, amino acid VlI1 is located in the C-D loop. Spin labels attached to CIOI were shown to exhibit large EPR spectral changes during the photocycle (Steinhoff et al., 1994) , which were interpreted as transient conformational changes in bacteriorhodospin. However, no spectral changes were detected with labels at position 105 at the cytoplasmic end of helix D or at position 72 at the extracellular side of the molecule (Steinhoff et al., 1994) .
After exchange of the natural amino acids at positions 36, 38, 46, or 161 by cysteines, these positions were spin labeled with MTSSL to yield side chain RI (cf. Fig. 1 a) .
The shape of the continuous wave (cw) EPR absorption spectrum of the spin-labeled protein reflects the nitroxide motion. At room temperature, bond rotations in the RI side chain occur at a rate sufficient to produce motional averaging of the nitroxide magnetic parameters (Altenbach et al., 1989) . Thus the reorientational motion is determined by the interaction of the nitroxide with the secondary and tertiary structure of the binding site environment and the flexibility of the binding site itself (Miick et al., 1991 (Miick et al., , 1993 Todd and Millhauser, 1991; Steinhoff and Hubbell, 1996) . The spectrum of C36R1 (Fig. 2 a) reveals two components that are due to different mobilities of the nitroxide. The most prominent peaks of the low-field and the high-field lines reflect a very high mobility of the RI side chain. A second component that is visible in both field regions indicates the presence of a nitroxide orientation with a higher degree of intermolecular or intramolecular interaction. EPR spectra of spin-labeled BR mutants, in which the cysteines are located on the outer surface of the helices or are attached to interhelical loops (Altenbach et al., 1990; Greenhalgh et al., 1991; Altenbach et al., 1994) , the mobile part of the spectrum of C36R1 shows the highest degree of mobility of the RI side chain, with a reorientation correlation time of the nitroxide of 3 ns. Similarities can be found to the spectral shape of C74R1 (Greenhalgh et al., 1991) in BR-containing liposomes and to that of C72R1 in detergentsolubilized BR (Altenbach et al., 1989) . Both mutations are located in the B-C interhelical loop at the extracellular surface of the protein, and the high degree of spin label mobility has only been found in protein preparations, where intermolecular interaction or local constraints are removed. Thus the present high mobility of the C36R1 side chain in the BR-trimer is a result of negligible intermolecular and intramolecular contacts. This may be due to the location of C36R1 close to the center of the A-B interhelical loop, with the small amino acid side chains of serine and proline being the nearest neighbors, and argues in favor of an orientation of the RI side chain pointing away from the protein center (cf. Fig. 1 , b and c; Grigorieff et al., 1996) . The amplitude ratio of the two spectral components changes within 2 weeks after spin labeling in favor of a more restricted motion of R1. This may indicate a very slow structural change in the purple membrane that enhances the interaction of the nitroxide with its environment, e.g., with atoms of helix D of a neighboring molecule in the trimer (Fig. 1 c) . The spectra of C38Rl, C46RI, and C161R1 ( Fig. 2 b-d ) reflect a restricted motion of RI. The spectra of C38R1 and C161R1 could be fitted with reorientation correlation times of the nitroxide of 10 ns and 5 ns, respectively. The spectral shapes are similar to those found for ClO1Rl or C105R1 in the C-D interhelical loop (Steinhoff et al., 1994) . This slow motion of the nitroxides is a result of their interaction with the neighboring secondary and tertiary structure and is evidence for a structured region in the nitroxide environment. The spectral shape of C46R1 shows a very high immobilization of the nitroxide side chain, which is typical of spin labels located in the interior of a protein (Altenbach et al., 1990) . Here the motional cone of the nitroxide ring is restricted because of multiple interaction with neighboring side-chain and backbone atoms.
Absorbance changes in the visible spectrum during the photocycle Absorbance changes after photoexcitation were measured in the visible spectrum at 11 wavelengths, as described in Materials and Methods. With an experimental sampling time of 0.2 ms, the global fit analysis yields four time constants for the samples measured at pH 7.4, and five constants for the sample measured at pH 10 in 3 M KCI. Because of the chosen time resolution, the early intermediates of the photocycle and the biphasic rise of M (Hessling et al., 1993) are not resolved. The absorbance band of M at 410 nm rises with a time constant of less than 0.2 ms. The apparent time constants describing the M decay and the kinetics of the following intermediates are numbered according to other authors (Hessling et al., 1993) . At pH 7.4, the M intermediate decays with three time constants, T4, T3, and 6. The data of these time constants are given in Table  1 . With the exception of D38C and C38R1, the values of 4 are the same within a factor of 2 for wild-type BR and all mutants. Compared to the wild-type protein, the values of 3 are higher by a factor of 2-6, and the values of 6 increased 10to 15-fold, again with the exception of D38C and C38R1. A significant increase in 74 and 3, as well as a dramatic increase in T6, compared to the other samples is found for D38C. Considering the slightly different pH and buffer composition, our results agree with the data published by Riesle et al. (1996) . Spin labeling of the cysteines of the mutants does not further change the rates significantly. The sample C36R1 was also studied in 3 M KCI at pH 10.0. An additional time constant, T7, is required to describe the M-decay. Compared to the same sample at pH 7.4, the values of the time constants 3 and 6 are increased by a factor of 15. The amplitude spectra of the apparent time constants of the unlabeled and the spin-labeled samples show a quite similar behavior. Therefore, only the spectra of the spinlabeled samples are shown in Fig. 3 . These amplitude spectra are mixtures of difference spectra between the BR ground state and the different intermediates. The time constant 74 describes the decay of a fraction of intermediate M, and the rise of the intermediates N, 0, and a fraction of the BR ground state: the spectral amplitudes at the absorbance maxima of N (550 nm), BR (570 nm), and 0 (660 nm) are negative. Because of the partial overlap of the absorbance bands of the N state and that of the BR ground state, a quantitative discrimination between these two states is dif- ficult. However, the rise of the N intermediate with T4 is pronounced for C36R1 at pH 10.0 ( Fig. 3 b) , where the amplitude spectrum reveals its minimum value at 550 nm. The decay of the remaining fractions of M, N, and 0 is determined by 73 and T6. Whereas the significant contribution of 0 to the 73 amplitude spectrum is revealed by the positive amplitude at 660 nm for C36R1 (pH 7.4) and C161R1, this contribution is hardly observed for C36R1 (pH 10), C38R1, and C46R1. The fraction of the intermediate 0 found for wild-type BR at pH 6.5, T = 298 K, is significantly higher than those found here for C36R1 and C161R1, but the respective value determined at pH 7.5 and T = 288K agrees well with the data shown in Fig. 3, a (Hessling et al., 1993) . The Tr6 amplitude spectrum exhibits mainly a mixture of the BR-M and BR-N difference spectra for all mutants. Because of the overlap of the absorbance bands of N (550 nm) and BR (570 nm), the contributions of N to the 3 and 6 amplitude spectra are not as obvious as those of M and 0. As is the case for 4, the additional time constant 7 describes the M-to-N transition for C36R1 at pH 10. The behavior of the amplitude spectra of C36R1 and C161R1 resembles that found for the wild-type BR measured at pH 7.5 (Souvignier and Gerwert, 1992; Hessling et al., 1993) . However, the fraction of at least the 0 intermediate seems to be very low for C38R1 and C46R1. The accumulation of the N intermediate associated with the increase of its lifetime at alkaline pH found for C36R1 agrees well with results reported for wild-type BR (Maeda et al., 1986) . Therefore, we conclude that the time constants characterizing the M-decay of all but one sample (D38C) are increased slightly after the exchange of the natural amino acids by cysteines. This may be due to the charge changes on the cytoplasmic surface of the BR molecule or, as in the case of T46C, changes in the hydrogen network or a steric modification in the interior of the protein (Rothschild et al., 1992; Coleman et al., 1995; LeCoutre et al., 1996) . The most dramatic change is found for D38C, in which the photocycle is retarded close to values known from D96 mutants (Riesle et al., 1996) . Otherwise, spin labeling of the cysteines does not influence the photocycle; thus further significant distortion of the structure and function of BR by the attached spin labels is unlikely.
EPR spectral changes induced by photoactivation
Changes in the EPR spectra caused by photoexcitation were monitored at discrete values of the magnetic field. Transient EPR signal changes were observed for C36RI, C46R1, and C161R1, whereas the spectrum of C38R1 did not show any transient changes above noise. The relative values of the transient EPR amplitude changes determined 10 ms after the laser flash are given in Fig. 4, a, d, and g, for selected B-field values. The maximum transient signals of C36R1 and C161RI amount to -20% of the maximum amplitude changes detected for C46R1. These values are similar to those found for ClOIRI under the present experimental conditions. To determine whether these EPR spectral changes were due to transient changes in the nitroxide mobility or to changes in the polarity in the nitroxide environment, spectral simulations were performed and compared with the experimental data. The derivatives of the EPR spectra S(B) with respect to the reorientation correlation time, dS/dT, and with respect to the values of the hyperfine coupling constant, dS/dA4, which is a measure of the polarity in the environment of the nitroxide, were determined numerically by using Freed's program for EPR spectra simulations (Freed, 1976; Schneider and Freed, 1989) . (S(B) denotes the usually detected EPR spectrum, which is the first-derivative absorption spectrum with respect to B.) The simulations are shown in Fig. 4 . Because of the high mobility of the C36R1 side chain, the derivatives of the EPR spectra with respect to the correlation time, dS/dT, and with respect to the hyperfine splitting, dS/dA, show structures with small line widths (Fig. 4, b and c ). An increase in the nitroxide mobility (i.e., a decrease in the reorientation correlation time) leads to an increase in the EPR spectral amplitude in the first maximum of the spectrum (B-field position 1 in Fig. 4 b) . At this B-field value, the derivative with respect to the hyperfine coupling constant is small (cf. Fig. 4 c) . The contrary is true at B-field positon 2. Here the derivative with respect to the correlation time is zero (Fig. 4 b) , and the derivative with respect to a polarity change reveals its maximum negative amplitude (Fig. 4 c) . The experimentally determined amplitude at B-field position 2 is zero. Thus the comparison of the observed spectral changes with the simulations demonstrates that the transient EPR signals must be due to a transient increase in the nitroxide mobility of C36R1. The other three transient signals shown in Fig. 4 a are in agreement with the above conclusion. For C36R1 samples with a changed amplitude ratio of mobile to immobile component, the EPR spectral changes indicate a transient decrease in the nitroxide mobility. The experimentally observed transient amplitudes of C161R1 and the simulated derivatives with respect to the change in the mobility and in the polarity are shown in Fig.  4 , g, h, and i. The transient amplitudes detected at the low-field and center-field minimum positions (B-field positions 1 and 1") indicate a transient mobility change in the nitroxide (Fig. 4 h) . The transient amplitude changes do not agree with the spectral changes expected for a polarity change, which should be at maximum at B-field position 2 (Fig. 4 i) . Thus the amplitudes and signs of the transients clearly argue in favor of a transient increase in the rotational correlation time, i.e., a decrease in the mobility of the attached nitroxide during the last half of the photocycle.
For very immobilized nitroxides with apparent rotational correlation times of more than 20 ns (as is found for the spin label attached to T46C), the spectral derivates with respect to T and Azz are very similar in the low-field and high-field regions (Fig. 4, e and l9 . The experimentally observed large-amplitude changes in the center line (Fig. 4 d) , however, indicate a transient decrease in mobility. To clearly separate motional effects from polarity influences on the shape of the EPR spectral changes, an independent method has been used for C46R1. After the photocycle of C46R1 has been stopped by freezing at different temperatures in the range between 170 K and 270 K, the hyperfine tensor values were determined at low temperature (T = 170 K). The Azz values were found to be independent of the different fractions of intermediates accumulated by the freezing procedure. The value of Azz amounts to 34.7 ± 0.1 Gauss in the whole temperature range. Thus, there is no evidence that a significant change in the polarity in the vicinity of the nitroxide group is responsible for the spectral changes observed during the photocycle.
The time dependence of the EPR signal was recorded at induced EPR spectral changes with the observed absorbance changes in the visible spectrum. Typical EPR transients for C36RI, C46RI, and C161R1 are shown in Fig. 5 , together with optical transients measured at 410 nm. The time resolution of the present EPR experiments is mainly limited by the signal-to-noise ratio. Data acquisition started 0.2 ms after the light flash; however, only data for times exceeding the detector time constant were used to fit the data shown in the figure. The EPR transient signals for C36RI (cf. Fig. 5 , a and b) and C46R1 (cf. Fig. 5 c) Fig. 5 d) could not be fully resolved. The observed spectral change is already present after the appearance of M. The EPR signal changes of each mutant determined for four magnetic field values were fitted to a sum of exponential functions. The resulting kinetic parameters are given in Table 1 ; the calculated curves are shown in Fig. 5 . The EPR signals of C36R1 and C46R1 rise with a time constant similar to the fastest M-decay time detected in the visible spectrum (T4). The respective rise time of C161Rl is less than 0.5 ms. The decay of the EPR transient signals of C36R1 and C161R1 is dominated by the time constant T3. The contribution of T6 to the decay amplitude is -30%. The time constants determined from the EPR transients agree with the respective values measured in the visible spectrum. The EPR transient signals of C46R1 and C36R1, pH 10, are governed by T4, which describes the signal rise. The largest time constant measured in the visible spectrum, T6, characterizes the EPR signal decay. The contribution of T3 to the decay amplitude and that of T7 to the signal rise for C36R1, pH 10, amount to less than 20%. Within experimental error, all time constants agree with those measured in the visible spectrum (cf. Table 1 ).
DISCUSSION
Although a fairly detailed picture exists of the proton pathway through bacteriorhodopsin, including the specific role of certain amino acid side chains revealed by FTIR spectroscopy, the characteristics and the mechanism of the structural changes during the photocycle are still obscure. Rearrangement of the membrane-embedded a-helices and of the cytoplasmic loops may correspond to a switch that makes the Schiff base accessible from the extracellular medium (Oesterhelt et al., 1992) . The complete description of these structural changes with high local and time resolutions would be the first example of a detailed understanding of such a switch, which is an essential element of all vectorial catalytic mechanisms. Diffraction studies (Koch et al., 1991; Subramaniam et al., 1993) , 1993) . The largest peptide backbone movements appear during the M-to-N transition. EPR experiments with a spin label attached to a cysteine in the cytoplasmic C-D loop of the bR mutant VlOIC revealed spectral changes during the photocycle, which rise after the appearance of the M intermediate and decay with the recovery to the BR ground state (Steinhoff et al., 1994) . These spectral changes were interpreted as structural rearrangements near D96 or as a structural change in the E-F interhelical loop. However, the detailed characterization and understanding of the movement of the helical and loop structures is still a central question.
We used the site-directed spin-labeling technique to investigate possible structural rearrangements in the interhelical loops A-B (C36R1, C38R1) and E-F (C161RI) and in the interior of the protein in the vicinity of D96 (C46R1). The apparent time constants that describe the second half of the photocycle of the mutants D36C, T46C, and D161C are similar to the respective values found for the spin-labeled samples C36R1, C46R1, and C161R1. The values found for the time constants T4, which describe the M-to-N and Mto-O transitions, and for T3, which characterizes the decay of M and 0, are similar to or slightly higher than the respective values measured for wild-type BR at pH 7.4. However, the value of T6 is significantly increased by an order of magnitude compared to that of the wild type. The analysis of the amplitude spectra (Fig. 3) and FTIR experiments on wildtype BR combined with factor analysis demonstrated that T6 characterizes the decay of the N intermediate (Hessling et al., 1993) . This step involves the reprotonation of D96 from the cytoplasmic surface. The increase in the lifetime of the N intermediate for the mutation at positions 36 and 161 may be caused by the delay of the proton transport to D96 due to the lack of proton donor side chains in the mutants. A further increase in the lifetime of the N intermediate for C36R1 at high pH results from the lack of protons in the solution, which slows down the reprotonation rate of D96 (Maeda et al., 1986) . A dramatic 50-fold increase in the photocycle lifetime is found for D38C. This is in agreement with the results of Riesle et al. (1996) , who concluded that D38 is involved in the proton transport pathway on the cytoplasmic surface of BR.
The influence of the C46R1 mutation on the photocycle may be due to the close proximity of position 46 to D96, as shown by the structure model determined by electron diffraction (Henderson et al., 1990; Grigorieff et al., 1996) (see Fig. 1 b) . Several studies indicate that T46 interacts with D96 (Marti et al., 1991; Rothschild et al., 1992; Coleman et al., 1995) and may be part of a hydrogen network between the cytoplasmic surface and the Schiff base (LeCoutre et al., 1996) . The mutation at position 46 may thus influence the accessibility of D96 for the proton delivered by the cytoplasmic medium, which may result in the observed delay of the N decay.
The degree of the nitroxide mobility determined from the continuous-wave EPR spectral shape of the mutants C36R1, which MTSSL was attached to sites in interhelical loops (Altenbach et al., 1990; Steinhoff et al., 1994) . A component of very high mobility is found for the spin label attached to C36, which indicates minor secondary and tertiary interaction with the environment. This agrees with the structural data (Grigorieff et al., 1996) (cf. Fig. 1 b) . The high degree of immobilization of the spin label attached to position 46 is due to the interaction of the nitroxide side chain with the densely packed side chain and backbone atoms in its vicinity, as shown by molecular graphics analysis based on the structural model (cf. Fig. 1, b and c) . The EPR spectrum is similar to those found for MTSSL attached to positions where the spin-label side chain is known to point into the interior of the protein (Altenbach et al., 1990) .
Upon photoexcitation, EPR transients are detectable for C36R1, C161R1, and C46R1. No mobility changes are observed for the nitroxide side chain attached to C38, which agrees with FTIR experiments and electron diffraction studies, where no significant conformational change during the photocycle was detected (Riesle et al., 1996) . The rise time of the transient EPR signal of C 161R1 in the E-F loop was estimated to be less than 0.5 ms. Thus the observed environmental change in the vicinity of position 161 already occurs during the lifetime of the M intermediate. In contrast, the small transient spectral changes of the nitroxides attached within the A-B loop, C36R1, rise with a time constant that agrees with the M-to-N transition, as determined from spectral analysis in the visible spectrum (T4). The EPR transient signals decay with time constants found for the decays of the M and N intermediates in the visible spectrum (T3 and T6). The appearance of a conformational change during the lifetime of the M intermediate, which might be responsible for the mobility change of the spin label in the mutant C161R1, agrees with the interpretation of electron and x-ray diffraction data. In wild-type BR, electron diffraction studies reveal a significant ordering of helix G and minor changes close to helices B, C, and F that occur in the M state (Subramaniam et al., 1993) . The structures were found to be similar under experimental conditions where either the M or the N state should predominate. From this the authors conclude that the observed structural changes are involved in the proposed MI-to-M2 transition. X-ray diffraction and FTIR studies on wild-type BR and on the mutant D96N at different degrees of hydration point also to the existence of distinct states in the M intermediate that differ in their conformation (Sass et al., 1997) . The transient mobility change of the nitroxide attached to C 161 in the E-F loop may be the consequence of these conformational changes close to helices F or C observed in the diffraction difference maps. However, the EPR spectral changes detected for the nitroxide attached to the A-B loop, C36R1, and to helix B, C46R1, rise with a time constant, T4, found for the M-to-N transition. Because the spectral analysis in the visible spectrum cannot discriminate between the proposed Ml and M2 intermediates, it is not clear whether T4 describes the M2-to-N transition or mainly the MI-to-N transition, because of a very fast M2 decay. However, FTIR Rink et al. 991 C38RI, and C161RI is consistent with previous studies in studies in combination with double-flash experiments resolve two different M intermediates, which are identified with Ml and M2. The transition between these two intermediates is fast compared to the M2-to-N transition (Hessling, 1996; Hessling et al., manuscript submitted for publication). Thus T4 is expected to characterize the M2-to-N transition. During this transition, significant changes occur in the environment of the attached spin labels that are not resolved in the diffraction pattern. This may be due to the fact that the structural changes resolved by EPR at position 36 or 46 are not sufficiently large to be detectable by diffraction methods with the resolution available at present. The appearance of structural rearrangements after the formation of M and during the M-to-N transition corresponds to conclusions from FTIR data. These experiments indicate the presence of only small protein movements in the MI-to-M2 transition and larger structural changes in the M-to-N transition (Hessling et al., 1993; Hessling et al., manuscript submitted for publication). These changes may reflect the protein motions that lead to an increase of the nitroxide mobility for the mobile nitroxide fraction of C36R1, and to a contrary behavior for the more immobile fraction of C36R1 in the A-B loop and for C161R1 in the E-F loop. What kind of protein movement could account for the above results? The mobility of an attached nitroxide is determined by the residual motion of the spin label with respect to the backbone. The degree of interaction of the nitroxide with atoms of the neighboring side chains and backbone determines the restriction of its reorientational motion . In addition, protein fluctuations and the intrinsic local flexibility of the peptide chain the nitroxide is attached to are reflected in the EPR spectral shape (Steinhoff et al., 1989; Miick et al., 1991; Todd and Millhauser, 1991) . Thus the changes in the nitroxide mobility of C36R1 indicate changes in secondary or tertiary interactions in the A-B loop during the M-to-N transition. The changes in the spin label dynamics of C161RI reflect changes in the environment of the E-F loop during the M formation or the proposed M1-to-M2 transition.
The rearrangement of the hydrogen-bonded network with a transient increase in the polarity in the vicinity of the nitroxide oxygen during the N intermediate is unlikely to account for the data of C46R1. The direction of the EPR signal change is consistent, however, with a decrease in the motional freedom of the nitroxide during the N intermediate due to structural changes in the vicinity of the spin-label binding site. The results of electron diffraction studies suggest that a movement of the cytoplasmic segments of helices B, C, and F and a transient ordering of helix G occur during the M intermediate and reverse with the recovery of the BR ground state (Subramaniam et al., 1993) . These helix movements might lead to rearrangements of the A-B and E-F loops with changed intrinsic flexibilities. An increase in the local flexibility of the A-B loop and a contrary behavior of the E-F loop would account for our data. Inspection of possible locations of the Ri side chain of C46R1 reveal interactions with helices G and F (cf. Fig. 1, b and c) . An easy explanation for the increased motional constraint of the RI side chain in the C46R1 mutant during the N intermediate is that a rearrangement of helix G leads to an increased interaction between the nitroxide and the adjacent sidechain or backbone atoms.
In summary, our results indicate that small structural rearrangements of the E-F loop and the A-B loop occur during the M intermediate and during the M-to-N transition, respectively. These changes in the environment of the spinlabel binding sites reverse with the N decay. However, the most prominent mobility changes in the attached nitroxides are detected at positions 46 and 101 (Steinhoff et al., 1994) . The side chain of ClOIRI is located at the cytoplasmic side and that of C46R1 at the extracellular side with respect to D96 (cf. Fig. 1 b) . The time-resolved nitroxide mobility changes reflect the rearrangement of amino acid residues in the proximity of D96 during the N intermediate of the photocycle.
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